Management of inclusions is an important part of quality control within the aluminium cast house. Inclusions have a detrimental effect on many aluminium cast products. The ability to reliably detect inclusions in a timely fashion is an essential part of this process. There are a number of tools available for inclusion measurement based on different principles. Techniques for inclusion detection such as metallurgical analysis, K-Mold, Podfa, Lais, Prefil all have a delay before detailed results are available. Ultrasound provides a possible technique for an online sensor, however has not as yet managed sufficient sensitivity. LiMCA, based on the Electrical Sensing Zone, has provided the most sensitive online detection to date, but other electromagnetic techniques such as a multiple voltage array sensor offer promise of a sensor which can be built for lower cost and can sample a larger portion of the melt.
Introduction
Monitoring molten metal cleanliness is an essential part of the quality control process required to maintain a consistent product and measurement and control of inclusions is an important part of maintaining the melt cleanliness [1] [2] [3] . The most common inclusions found in the aluminium melt include aluminium oxides, magnesium oxides and spinel, carbides, refractory particles and silica particles [1, [4] [5] [6] . Any of these inclusions not removed from the molten metal prior to solidification can be harmful to physical and surface characteristics of cast products, causing a variety of defects including pinholes in foil, streaks, tears in deep drawn forms, surface defects in sheet products, provide nucleation sites for hydrogen gas leading to blistering, increased porosity, increased breakage rates when drawing wire and poor machinability, and influence the fatigue response of metals. [2, 3, [6] [7] [8] [9] [10] . The effects of inclusions on the final product, and inclusion detection and removal impose a substantial cost and industry is therefore keen to improve inclusion detection methods.
Building sensors to operate in molten aluminium has a number of challenges because the corrosive nature and high temperature of the melt provide a hostile environment to any devices. The opaqueness of the melt and very low inclusion levels (<30 ppm) required for most aluminium products add to this challenge [11] . This review examines the advantages and disadvantages of each method, and discusses opportunities to improve inclusion detection, keeping in mind factors such as cost, the time required before obtaining any results, the sensitivity of the system, the range of inclusion sizes detected, the level of information reported and the size of the sample.
Non-Electromagnetic Techniques
There are several principles used for inclusion detection in molten aluminium. Non-Electromagnetic techniques discussed here use metallographic analysis, ultrasound and chemical analysis.
Metallographic Techniques
There are a number of techniques based around metallographic principles. Classic metallography involves the physical examination of ingot slices to determine the presence and type of inclusions. The ingot is cut and polished, and the surface is examined for trapped inclusions. Metallographic analysis can give a very good idea of the exact nature of inclusions in the sample, but it has a very small sample size, is time consuming, costly and requires an experienced technician. [4, 7, 12, 13] .
A standardized metallographic analysis, the K-Mold, is a simple shop-floor test for detecting larger inclusions, in the range of 60-80µm. The K-Mold produces a small casting consisting of a flat plate with four notches which serve as fracture points. The test consists of casting one or more plates, which are fractured at the notches to provide a number of fracture surfaces. The fracture surfaces are examined for inclusions, and the inclusion level expressed as a ratio representing the proportion of faces with inclusions [1, 2] . The advantages of this test include low cost, low required level of operator skill, sampling flexibility and sample retention [2] , however this test is an offline test and has a very small sample volume.
The next step up in metallographic analysis is to use pressure filtration which works by forcing aluminium sample under pressure through a fine filter which will trap the inclusions on the surface. The inclusions are concentrated 5000-10000 times on the surface of the filter, and can later be analysed metallographically [12] . Alcan's Porous Disk Filtration Analyser (PoDFA) and Union Carbides Liquid Aluminium Inclusion Sampler (LAIS) and Prefil are commercial tools using this principle. PoDFA and LAIS use the same principles, differing only in the operation [13] [14] [15] . The Prefil Footprinter expands on the simple pressure filtration test by measuring the rate at which metal flows through the filter which gives an indirect measurement of the build up of inclusions trapped on the surface of the filter. The rate of metal flow can be compared with reference curves to give a quick indicator of the overall inclusion level in the melt [12, 13] .
These tests are cheap to set up, but have very small sample volumes up to 2000g [4] and the samples are time consuming and expensive to analyse [7, 13] . Although Prefil does give an immediate indication of melt cleanliness, detailed results are still time consuming.
Ultrasound
Ultrasound has been an attractive option for inclusion detection in molten aluminium due to it's ability to probe the interior of materials non-destructively [16, 17] and because it offers the capability of a high sampling rate of 100s of samples per second and a large sample volume [18] .
Most current research is looking at ultrasonic systems which detect the signal reflected from individual particles [18] [19] [20] . Although it is theoretically possible to use changes in attenuation or velocity of the ultrasound signal to indicate the presence of inclusions in the melt, due to the very low level of inclusions found in molten aluminium, typically less than 30ppm, the variation in velocity and attenuation are not sufficient for monitoring the melt to a sufficient quality [11, 19, 20] .
A typical probe will consist of an ultrasonic transducer, linked to the melt via an aircooled buffer rod, usually between 200 and 300mm in length, acting as a focused waveguide [3, 4, 11, 16, 17, [19] [20] [21] . A spherical concave acoustic lens may be machined into the end of the buffer rod to focus the ultrasonic signal, increasing the spatial resolution of the probe, allowing the detection of smaller inclusions than a flat ended probe. [3, 11, 17, 19, 20] The probe may be used in a Pulse Echo configuration, using a single probe as both a transmitter and receiver [11, 16, [19] [20] [21] or in the pitch catch configuration, using two probes, one as a transmitter and the other as a receiver [11, [19] [20] [21] .
Buffer rods are required as current transducers cannot operate at the high temperatures of molten aluminium, however the use of buffer rods results in problems caused by spurious echoes within the rod, and signal loss through the walls of the rod, which degrades the signal to noise ratio (SNR) and
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Aluminium Cast House Technology XI reduces the sensitivity of the probe. [3, 4, 11, 16, 17, [19] [20] [21] . The tapering and cladding will also help reduce unwanted echoes and improve wave guidance of the buffer rod, resulting in a better SNR [3, 11, 16, 17, [19] [20] [21] , and new materials may offer better acoustic coupling and high corrosion resistance. [3, 11, 16, 19, 20] , however more work is required to overcome these problems before a commercially useful probe can be developed.
Chemical Analysis
Chemical analysis and Optical Emission Spectrography measure the chemical composition of a very small sample, however they suffer problems due to the low concentrations in which inclusions occur in molten aluminium, the non uniform distribution of the inclusions, and the very small sample size of these techniques. For example, research has shown a poor correlation between oxygen concentration and inclusion levels due to the presence of variable background oxygen levels in surface oxides and sub-micron films [4, 8, [22] [23] [24] .
Electromagnetic Inclusion Detection Methods
The large difference in electrical properties between the non-conducting inclusions and the highly conductive aluminium melt in which they are contained means there are a number of electromagnetic techniques which can be used to detect inclusions in molten aluminium, however the high conductivity of the aluminium melt can limit the sensitivity of these techniques, increasing the technical challenges of producing a useful measuring device. The three techniques discussed here are the Electrical Sensing Zone, as implemented in LiMCA, the use of an induced Lorentz force and a multiple electrode voltage probe.
Coulter Counter/Electrical Sensing Zone (ESZ)
The Electrical Sensing Zone (ESZ) or Coulter Counter involves a current path being provided by a conductive liquid carrying a current flowing through an aperture. The impedance across the aperture is monitored. When a non-conducting particle passes through the aperture a resistance change can be detected proportional to the volume of the particle [25] .
The Electrical Sensing Zone technique can be used for detecting small inclusions in molten aluminium. Molten aluminium is drawn through a small aperture in the presence of a large DC current. The non-conducting inclusions in the melt are detected as they pass through the aperture with the aluminium. The particle displaces it's volume of conducting fluid causing micro-ohmic changes in resistance which can be detected as a voltage pulse across the aperture. The LiMCA, LiMCA II and LIMCA CM analysers are implementations of this system [7, 26, 27] .
The detector in the LiMCA analysers consists of two electrodes separated by an insulating borosilicate tube (See Figure 1) . A small orifice, of around 300µm in diameter, in the tube provides a current path between the electrodes. A large current in the order of 60 Amps is passed between the two electrodes, through the orifice in the insulating tube. Molten aluminium is drawn through the orifice into the tube via negative pressure. This draws inclusions in the melt through the orifice, which can be detected as a change in the voltage between the electrodes of between 20µV-10mV, providing a real time count of the inclusion level in the sample. Roughly one sample a minute can be taken, each sample being 17.5g [2, 4, 7, 18, 26, [28] [29] [30] [31] [32] .
The resolution of LiMCA is limited by the background electrical noise. This limits detection of particles down to 20µm using an orifice diameter of 300µm. [4] . The system can resolve particles up to 155µm [32] . An estimated 20-60% of a melt's total inclusions may be too large to pass through the orifice [2] . The main advantages of the LiMCA system are that it can provide continuous sampling over the duration of the melt, can measure inclusions down to 20µm and that it provides user independent results. The disadvantages to the LiMCA system are that it is a high cost system, limiting it's use within research or the foundry industry and due to the narrow orifice of 300µm the sample size is small [4] .
Electromagnetic Detection using the Lorentz Force
A method of concentrating and detecting inclusions based on the Lorentz force (Archimedes electromagnetic force) was proposed by Makarov, Ludwig and Apelian [4, 10] . A DC current can be applied to the melt via two electrodes. This current will induce a magnetic field which will induce a Lorentz force in the metal. This force will not be induced in the non conducting inclusions, which will result in the inclusions moving in the opposite direction to the Lorentz force. By arranging the electrodes to produce a downward pointing Lorentz force this effect can be used to force inclusions to the melt surface where they can be inspected visually [4, 10, 33, 34] .
This method could provide continuous monitoring of the aluminium melt, taking up to 200 samples per minute, sampling a volume up to 2cm 3 and detecting particles down to 10µm [4, 10] .
The surface tension of the melt will tend to prevent the inclusions breaking the surface of the melt, which prevents the identification of the inclusions, so a method of overcoming the surface tension is required [10] .
Multiple Voltage Probe Sensor
Makarov and Ludwig have proposed the use of a multiple voltage probe sensor to detect nonconducting particles in a conducting media [35] .
The Multiple Voltage Probe Sensor uses principles similar to resistivity arrays in geophysical prospecting and Electrical Image Tomography (EIT) used in medical imaging [36] [37] [38] . For both geophysical prospecting and medical imaging EIT a current is injected into the body being analysed, and a voltage response is measured by electrodes at the surface. These measurements are used to generate an image of the resistivity distribution under the surface [36] .
Calculating a resistivity distribution from surface voltage measurements is computationally expensive, and very susceptible to error as the small variations in voltage correspond to much larger variations in the distribution of conductivity [36, 37, 39, 40] . For inclusion detection, voltage profiles can be calculated to indicate the presence of inclusions, which gets around this problem. Instead the main challenge in this technique will be achieving sufficient sensitivity to detect small inclusions.
The proposed multiple voltage probe sensor consists of an array of voltage electrodes located over a surface. An electric current is applied to the melt via two of the electrodes, and the surface voltage response measured via the other electrodes [35] .
A single non-conducting inclusion passing under the sensor should be seen as a standard two peak response on the sensor, one the inverse of the other, as shown in Figure 2 . The peak magnitude is related to the inclusion size, whilst the peak separation distance is proportional to the depth of the inclusion [35] . The surface voltage response for a small inclusion (R<100µm) is small, however it is distributed over a large sensor area so that even if the noise for individual pins is high, the signal present on multiple pins can still be recovered [35] .
Molten aluminium is ideal for multiple voltage probing because it has good electrode contact, high electrical homogeneity, low concentrations of inclusions and the metal acts as a Faraday shield reducing the background noise to a level of around 5µV [35] .
The multiple voltage probe sensor may not achieve the same sensitivity as the LiMCA system, but it can scan larger melt volumes and does not require the artificial aperture or the vacuum pump to draw liquid metal through the aperture so it should be much cheaper to implement [35, 36] .
Conclusion
There are a number of techniques used for inclusion detection in molten aluminium. Metallographic techniques, including classic metallography, and pressure filtration can give good information about what types of inclusions are present, however they are slow to carry out, limiting their usefulness for process control. Measuring the overall chemical composition of the melt is also time consuming, and the chemical composition of the sample has been a poor indicator if inclusion levels.
Ultrasound has potential to provide online monitoring, however issues with the signal to noise ratio, and finding appropriate materials for the buffer rod will need to be solved.
This leaves techniques based on the use of electromagnetic fields providing the best methods for the online monitoring of inclusion levels.
The Coulter Counter or Electrical Sensing Zone technique implemented in LiMCA currently provides the only real time detection of individual inclusions, and is capable of measuring inclusions down to 20µm in diameter. Both the use of a Lorentz force induced by an electromagnetic field to force inclusions to the surface of the melt, and the use of an electrode array to measure a surface voltage response caused by an inclusion in an electric field, have the potential to provide online monitoring of inclusion levels and sampling a larger volume at a lower cost than LiMCA.
